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Abstract.  Direct numerical simulations of a NACA-0012 airfoil at zero degrees incidence 
are presented for a range of Mach and Reynolds numbers. At Reynolds number 10,000, the 
flow around the airfoil is found to be dominated by vortex shedding from an unstable wake. 
Frequencies are found to collapse using a Strouhal number based on trailing edge 
displacement thickness, while amplitude increases with Mach number. At Reynolds number 
50,000, vortex shedding from an unstable wake is again present. At certain Mach numbers an 
additional low-frequency large-amplitude mode of oscillation is observed. Behaviour of the 
upper and lower boundary layers, as well as the local fluid properties, is described over the 
course of the low frequency cycle. The onset of the low frequency oscillation is mapped in 
terms of Reynolds and Mach numbers. 
 
1 INTRODUCTION 
Low-Reynolds-number aerodynamics has increased in importance as a research topic in 
recent years due to interest in unmanned air vehicle (UAV) and micro air vehicle (MAV) 
designs. The small physical size of such vehicles in conjunction with often modest flight 
velocities results in low design Reynolds numbers, typically in the range 42,000-225,000 for 
MAV’s1.  Traditional Reynolds-averaged Navier-Stokes (RANS) based computational fluid 
dynamics (CFD) is ill suited for modelling low Reynolds number flows, as the physics of 
separation and transition are not fully captured. Alternative prediction methods such as 
viscous-invscid interaction (VII) solvers (e.g. XFoil2) offer essentially a steady state solution, 
and typically make use of empirical relationships (e.g. the en method and compressibility 
corrections) to obtain a solution. In contrast, continued advances in computing power mean 
that direct numerical simulations (DNS) of airfoil geometries at or near MAV/UAV flight 
Reynolds numbers are now possible.  The advantage of DNS is that the physics of the flow in 
question, including separation and transition (in 3D simulations), are fully captured. As well 
as fundamental research into the physics of low-Reynolds-number aerodynamics, data from 
DNS simulations can potentially be used in tuning less computationally intensive prediction 
techniques to the low Reynolds number regime. Furthermore, with continued increases in 
computational power, DNS studies of airfoil geometries at flight Reynolds numbers are likely 
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to become more commonplace, thus there will also exist a need for accurate simulation data 
for validation purposes. 
The current study concerns the flow around a NACA-0012 airfoil geometry, modified to 
include a sharp trailing edge, at zero degrees incidence. Simulations are primarily carried out 
at Reynolds numbers based on airfoil chord of 10,000 and 50,000, at a variety of subsonic 
Mach numbers. The study may therefore be divided into two main sections based on 
Reynolds number. At Rec=104 time dependent and time averaged data is presented for a 
variety of Mach numbers. Comparison is made to a similar study by Bouhadji and Braza3. At 
Rec=5×104 a low frequency oscillation is observed in the lift coefficient. An effort is made to 
describe both the fluid behaviour observed throughout the low frequency oscillation, and the 
envelope of flight conditions for which the oscillation is present. 
 
2 NUMERICAL METHOD 
2.1 Governing Equations 
The unsteady compressible Navier-Stokes equations are written in conservative form for a 
curvilinear coordinate system as 
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The conservative vector Qˆ , inviscid flux vectors Eˆ  and Fˆ , and the viscous vector terms Gˆ  
and Rˆ  are defined as 
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where  ρ  is the fluid density, u  and v  are velocity components in the Cartesian x and y 
directions, p is the pressure and tE  is the total energy per unit volume defined as 
( )vvuueEt ++= 2
1ρ , (3) 
where 
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Metric terms are defined as 
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with Jacobian J defined as 
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The contravariant velocities U  and V  are defined as 
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The terms xQ  and yQ  comprise the conduction and work terms of the energy equation 
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Viscosity is calculated using Sutherlands law 
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and finally the perfect gas law relates p , ρ andT  
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γ
ρ
= . (12) 
The primitive variables ρ ,u ,v  and T have been non-dimensionalised by the freestream 
conditions and the airfoil chord is used as the reference length scale. Dimensionless 
parameters Re, Pr and M are defined using free-stream (reference) flow properties. The ratio 
of specific heats is specified as 4.1=γ  and the Prandtl number as .72.0Pr =  
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2.2 Spatial and temporal scheme 
Fourth order accurate central differences utilising a five-point stencil are used for the 
spatial discretisation. Fourth order accuracy is extended to the domain boundaries by use of a 
Carpenter boundary scheme4. No artificial viscosity or filtering is used, but stability is 
enhanced by appropriate treatment of the viscous terms in combination with entropy splitting 
of the inviscid flux terms5. The explicit fourth order accurate Runge-Kutta scheme is used for 
time stepping. 
 
2.3 Boundary conditions 
Unphysical reflections from the domain boundaries are reduced by appropriate boundary 
conditions. At the freestream ( +η ) boundary, where the only disturbances likely to reach the 
boundary will be in the form of linear waves, an integral characteristic boundary condition6 is 
applied. At the downstream exit boundary ( ±ξ ), which will be subject to the passage of 
coherent fluid structures generated by instability in the wake, a zonal characteristic boundary 
condition7 is applied for increased effectiveness.  
At the airfoil surface an adiabatic, no slip condition is applied. The variables ρ , uρ  and vρ  
are set to zero, and the adiabatic boundary condition is enforced by adjusting tE  such that 
0=
dn
dT
. (13) 
2.4 Initial condition 
Each simulation is initialised by setting freestream conditions throughout the domain,  
1=ρ ,  1=uρ ,  0=vρ ,  5.0
)1(
1
2 +
−
=
M
Et γγ
, (14) 
and imposing a simple parabolic boundary layer over the airfoil to satisfy the surface 
boundary condition. The simulation is then run until transient effects are deemed to have 
passed, based on inspection of time dependent data such as lift coefficient behaviour, before 
data capture and analysis begins. 
 
2.5 Validation 
The code is based upon an existing code that has been previously validated for 
compressible turbulent plane channel flow5, and more recently has been demonstrated to 
accurately represent the development of hydrodynamic instabilities8. The code used in the 
current study is different in that it is applied to a curvilinear c-type grid with wake connection, 
however the same metric terms were used in previous versions of the code. 
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2.6 Application to airfoil at Rec=7×103 
Van Dyke9 reports steady flow over an airfoil at Rec=7×103 and M → 0. A simulation was 
therefore carried out at Rec=7×103 and M=0.2, in order to test the present method. The flow 
visualisation given in Van Dyke only illustrates the airfoil and near wake region, and for a 
similar visual domain, the cases appear qualitatively similar (Figure 1a). The lift coefficient 
was however found to oscillate, albeit at the very small RMS amplitude of 1.28×10-5. The 
wake becomes unsteady at a considerable distance downstream of the airfoil, as indicated by 
vorticity contours (Figure 1b). 
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Figure 1: Iso-contours of vorticity using six levels over the range ±20; Rec=7×103 M=0.2: (a) airfoil and near 
wake, (b) far wake. 
3 SIMULATION PARAMETERS 
3.1 Flow Parameters 
Simulations were run at a variety of Mach numbers at Rec=104 and Rec=5×104. All cases 
were run at zero degrees incidence. Parameters for all cases are given in Table 1. For clarity 
of presentation, many graphs presented in the results section only display data from a reduced 
number of simulations; for illustration of trends data from all simulations are plotted. 
 
Rec=104  Rec=5×104 
M ∆t  M ∆t 
0.2 0.6×10-4  0.4 1.0×10-4 
0.4 1.2×10-4  0.5 1.25×10-4 
0.6 1.8×10-4  0.6 1.6×10-4 
0.7 2.0×10-4  0.7 1.85×10-4 
0.8 2.4×10-4  0.8 2.2×10-4 
 Table 1: Mach number and ∆t of simulations. 
3.2 Domain topology 
Topology of the curvilinear c-type grids used is given in Figure 2. Definitions of the 
domain boundaries are given in Table 2. The leading edge of the airfoil is taken as the origin 
of the coordinate system. 
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ξ
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Figure 2: Domain topology 
Curvilinear 
Boundary 
Physical 
Description 
ξ± Downstream/exit boundary 
η+ Freestream boundary 
η- Airfoil surface and wake dividing line 
Table 2: Domain boundary definitions. 
3.3 Grid generation 
Grid generation for high-order non-dissipative codes is non-trivial, and achieved by an 
iterative approach. The presence of under-resolved flow phenomena results in numerical 
oscillations, particularly in sensitive quantities such as density gradient. By analysing 
simulation results, locations of poor resolution may be identified by such oscillations. A new 
grid is then generated, with the purpose of improving the resolution in the necessary locations, 
and the flow-field data interpolated onto the new grid. The simulation is then run on the new 
grid and the results analysed in order to assess whether resolution issues have been 
eliminated. The process can be repeated as often as necessary, and avoids the need for 
continually starting simulations from scratch and the associated computational cost of waiting 
for transient effects to pass.  
Unless otherwise stated simulations at Rec=104 (and the Rec=7×103 case shown in Figure 
1) use a grid with specifications given in Table 3. Grid specifications for the Rec=5×104 case 
are also given in Table 3. A small number of simulations at Rec=104 used extended domains 
generated by modifying the original grid. For these cases the grid point distribution in the 
original domain was kept the same. 
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 Rec =104 Rec =5×104 
Wake Length 5 chords 5 chords 
Radius 5.3 chords 5.3 chords 
Total Domain 
Length 12.2 chords 12.2 chords 
Nξ (total) 1,180 2,000 
Nη (total) 258 429 
Nξ (foil) 201 541 
Nξ (wake) 491 731 
Total grid points 304,440 858,000 
Buffer length 0.7 chords 0.47 chords 
Buffer points 31 31 
Table 3: Grid parameters. 
4 RESULTS AT ReC=104 
4.1 Time dependent behaviour 
At Rec=104 an unsteady wake is observed at all Mach numbers. Downstream of the airfoil 
trailing edge the wake becomes unstable and rolls up to form vortices, characteristic of a von-
Kárman instability. Both the size and intensity (in terms of peak vorticity magnitude) of the 
wake vortices increases with Mach number, and the onset of vortex shedding moves upstream 
toward the trailing edge (Figure 3). 
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Figure 3: Iso-contours of vorticity using six levels over the range ±20; (a) M=0.2, (b) M=0.8. 
As a result of the wake unsteadiness, the airfoil experiences an oscillating lift coefficient, 
with both amplitude and frequency varying with Mach number (Figure 4). The magnitude of 
lift coefficient oscillations increases with increasing Mach number (Figure 5), and the 
frequency decreases. Fourier transforms of the time dependent lift coefficient are shown 
plotted against Strouhal number (Figure 6), where the Strouhal number is defined as  
u
fSt te
*2 δ
= , (15) 
where f is the frequency of  lift coefficient oscillation, δ*te is the displacement thickness at 
99.0=cx  and u is the free-stream velocity. 
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 The Strouhal numbers associated with the dominant oscillatory mode collapse to 0.2       
(± 0.03) in all cases. 
 In comparison to a similar study by Bouhadji and Braza3, several differences may be 
noted. Firstly the amplitude of CL oscillations is much lower in the current study, for some 
Mach numbers appearing as much as four times lower. Secondly, Bouhadji and Braza report a 
secondary low frequency mode occurring in the Mach number range 0.75-0.85 which was not 
observed in the current study (but which was observed at higher Reynolds numbers; see 
discussion for Rec=5×104). Finally, Bouhadji and Braza report a steady, small non-zero  
(6×10-4) lift coefficient at M=0.2 whereas the current study observed a lift coefficient 
oscillating about zero with peak-to-peak amplitude approximately 1×10-4. The differences 
observed can probably be accounted for by the much finer grids, especially in the wake, 
which were used in the current study.  
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Figure 4: Time dependent lift coefficient; Rec=104. 
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Figure 5: Variation of time averaged RMS lift coefficient with Mach number; Rec=104. 
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Figure 6: Fourier transform of lift coefficient; Rec=104. 
4.2 Time averaged behaviour  
Time averaged pressure coefficient distributions (Figure 7a) indicate that the location of 
minimum Cp moves downstream with increasing Mach number. Also, the minimum Cp 
becomes increasingly negative with Mach number. When compared to results generated using 
XFoil2 there appears to be a discrepancy regarding the location and magnitude of minimum 
Cp. XFoil does not appear to predict the movement downstream of the minimum Cp with 
increasing Mach number, and also predicts a minimum Cp that is overly negative. 
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Figure 7: Time averaged Cp (a) and Cf (b) distribution; Rec=104. 
Skin friction coefficient distributions (Figure 7b) indicate that at all Mach numbers the 
airfoil boundary layer stays attached until downstream of the point of maximum thickness. 
Towards the trailing edge the boundary layer separates and a region of recirculation is 
present; the location of separation moves upstream with increasing Mach number. The region 
of recirculation extends downstream of the airfoil into the wake. Momentum thickness 
distribution (Figure 8a) varies little with Mach number, however the displacement thickness 
(Figure 8b) downstream of 3.0≈cx clearly increases with Mach number. 
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Figure 8: Time averaged θ (a) and δ* (b); Rec=104. 
4.3 Boundary condition dependency 
The size of the zonal characteristic boundary condition was found to have an influence on 
simulation results in certain cases. At low Mach numbers the comparatively fast upstream 
velocity of pressure waves means that exit boundary reflections will travel a considerable 
distance before dissipating. This can cause problems if pressure waves reflected from the exit 
boundary reach the airfoil with sufficient strength to affect the lift coefficient. In order to 
quantify the effect of exit boundary reflections, additional simulations were run at M=0.2 and 
M=0.4. At higher Mach numbers, the exit boundary reflections exert less influence and no 
further simulations were run.  
The additional simulations are denoted as simulations ‘B’, ‘C’ and ‘D’, in comparison to 
the original simulation ‘A’ (with simulation parameters as specified earlier). Differences 
between the simulations are given in Table 4. Essentially, Case B exhibits reduced magnitude 
of exit boundary reflections over Case A, Case C exhibits reduced magnitude of exit 
boundary reflections over Case B etc. Cases A to C were run at both M=0.2 and M=0.4, Case 
D was only run at M=0.2. 
 
Case A B C D 
Domain Wake Length (airfoil chords) 5 6 6 15 
Domain Radius (airfoil chords) 5.3 5.3 5.3 5.3 
Nξ 1,180 1,240 1,240 1,680 
Nη 258 258 258 258 
Buffer Length (airfoil chords) 0.7 1 1.7 3.95 
No. Buffer Points 31 31 61 101 
Buffer Onset x/c=4.3 x/c=5 x/c=4.3 x/c=11.05 
Table 4: Boundary condition investigation case parameters. 
At both Mach numbers there was very little difference between time-averaged Cp (Figure 
9), Cf, δ* and θ distributions when comparing the different cases. There was however 
noticeable variation in time dependent CL amplitude (Figure 10). 
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Figure 9: Time averaged Cp distribution for all cases; M=0.2 (a) and M=0.4 (b).
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Figure 10: Time dependent lift coefficient for all cases; M=0.2 (a) and M=0.4 (b). 
In order to assess the magnitude of vortex shedding in the wake, pressure readings were 
taken at a location 1.5 chords downstream of the trailing edge, offset 0.05 chords from the 
centreline. RMS values of the time-dependent pressure are given in Table 5 and Table 6, 
alongside RMS values of lift coefficient, for all cases. 
 
Case A B C 
RMS CL 3.55×10-4 3.29×10-4 3.20×10-4 
RMS Pressure in wake 2.38×10-4 2.36×10-4 2.35×10-4 
Table 5: RMS lift coefficient, and pressure at x/c=2.5, y/c=0.05; Rec=104 M=0.4. 
Case A B C D 
RMS CL 5.89×10-4 5.02×10-4 1.24×10-4 6.62×10-5 
RMS Pressure in wake 1.14×10-2 1.28×10-2 1.25×10-2 1.26×10-2 
Table 6: RMS lift coefficient, and pressure at x/c=2.5, y/c=0.05; Rec=104 M=0.2. 
At M=0.4 (Table 5), Case B displayed slightly reduced RMS lift coefficient (~7%) over 
Case A, and Case C displayed a smaller reduction (~3%) over Case B. It appears that the 
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M=0.4 case is becoming increasingly insensitive to exit boundary reflections with increases in 
the buffer and domain size. This is confirmed by the RMS pressure in the wake, which varies 
only by approximately 1.3% from case A to case C, indicating that the amplitude of the signal  
in the wake does not change significantly.  
At M=0.2 (Table 6), case B displayed a marked reduction (~15%) of RMS lift coefficient  
over case A, and case C displayed an even larger percentage reduction (~75%) over case B.  
The simulation does not appear to be approaching independence from boundary reflections 
and hence an additional case (case D) was run with considerably longer wake and buffer 
region. The RMS lift coefficient observed in case D is substantially smaller (~46%) than that 
observed in case C, thus even with the most stringent boundary treatment and longest domain, 
independence of time dependent lift coefficient from boundary reflections is not achieved. 
The RMS pressure in the wake, however, varies only minimally from cases B to D, 
suggesting that the amplitude of pressure fluctuations in the wake has converged. 
In summary it appears that for the most sensitive case, at M=0.2, the exit boundary 
reflections were responsible for a significant proportion of the CL fluctuations felt at the 
airfoil. Each reduction of exit boundary reflection magnitude reduced the lift coefficient 
considerably, but independence from boundary conditions was not achieved.  However, 
although RMS pressure in the wake changed between cases A and B, this quantity was 
subsequently unaffected by further reductions in exit boundary reflections. Therefore it can be 
said that vortex shedding from an unstable wake at M=0.2 persists even with the most 
stringent boundary conditions used.  
 
5 RESULTS AT ReC=5×104 
5.1 Time dependent behaviour 
At Rec=5×104 the lift coefficient again oscillates about zero for all Mach numbers. At 
M=0.4, the lift coefficient is initially subject to a large amplitude lift coefficient fluctuation, 
presumably due to transient effects of the initialisation, that subsequently decays to zero 
leaving only a higher frequency mode present (Figure 11a). In contrast to the Rec=104 cases, 
in the Mach number range 0.5-0.8 a secondary low frequency, high amplitude mode is present 
(Figure 11b). 
Vorticity contours at M=0.4 (Figure 12) indicate that the higher frequency mode of 
oscillation is caused by the presence of an unsteady wake with vortex shedding in a similar 
fashion to the Rec=104 cases. When the shedding frequency is non-dimensionalised in the 
same manner as for the Rec=104 cases, the Strouhal number is found to collapse to a similar 
value of approximately 0.22. In contrast, the low frequency mode of oscillation is up to an 
order of magnitude larger in amplitude than oscillations associated with vortex shedding in 
the wake, and an order of magnitude lower in frequency. Associated Strouhal numbers are in 
the range 0.004 - 0.008 based on the definition given in (15).  
 
 
Lloyd E. Jones, Richard D. Sandberg, Neil D. Sandham 
13 
a) 0 20 40 60t
-0.4
-0.2
0
0.2
0.4
C L
M=0.4
57 60
-0.0075
0
0.0075
         b) 0 20 40 60t
-0.4
-0.2
0
0.2
0.4
C L
M=0.8
M=0.6
M=0.5
 
Figure 11: Time dependent CL showing (a) high frequency mode at M=0.4 and (b) both high and low 
frequency response for M ≥ 0.5. 
x
y
0 0.5 1 1.5 2 2.5 3
­0.5
0
0.5
 
Figure 12: Iso-contours of vorticity using six levels over the range ±20; M=0.4. 
5.2 Analysis of the low frequency (flapping) oscillation 
Analysis of iso-contours of ρ∇  and u-velocity (Figure 14) shows that the low frequency 
mode of oscillation is caused by asymmetric boundary layer separation, whereby a separated 
boundary layer is present over one airfoil surface and an attached boundary layer on the other. 
The airfoil boundary layers periodically switch between separated and attached states, and the 
behaviour is accompanied by local acceleration and deceleration of the flow. By cross 
referencing animated images with instantaneous images taken at known points of the low 
frequency cycle, a more detailed description is possible. Boundary layer behaviour and local 
velocity at key points of the low frequency cycle are shown in Figure 14 (a-d) for the M=0.8 
case, chosen since the strong separation makes the flapping easier to observe. A summary of 
behaviour throughout the cycle follows.  
For the purposes of this study, the start of the low frequency cycle will be defined as the 
point where the lift coefficient is at a maximum. At this point in the cycle, with phase angle 
defined as φ=0°, the velocity over the upper surface is at a maximum, and the boundary layer 
separates at a location close to the trailing edge. The separation point slowly moves upstream. 
Meanwhile the boundary layer on the lower surface is separated but slowly reattaching. 
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At around φ=90° the upper boundary layer is fully separated. Vortical structures are 
formed within the boundary layer and convect downstream, generating upstream travelling 
pressure waves as they pass over the trailing edge. At this point the lower boundary layer is 
fully attached. The velocity over the upper surface is decreasing, and the velocity over the 
lower surface is increasing, thus φ=90° marks a median (i.e. approximately zero) point in the 
lift coefficient cycle, with the lift coefficient decreasing. The structures formed in the upper 
boundary layer will ultimately convect downstream, and no more structures will be produced. 
After structures in the upper boundary layer have convected downstream, the upper 
boundary layer begins to slowly reattach. At φ=180° velocity over the lower surface is at a 
maximum, and the lower boundary layer slowly begins to separate starting at the trailing 
edge, in the same manner as for the upper surface. The lift coefficient is at a minimum. 
Behaviour is the same as at φ=0°, but mirrored across the airfoil chord. 
At around φ=270° the lower boundary layer is fully separated. Structures are formed in the 
lower boundary layer and convect downstream as they did for the upper boundary layer at 
φ=90°. The velocity over the lower surface decreases, and velocity over the upper surface 
increases. The lift coefficient is at a median point on the cycle (approximately zero) and is 
increasing. The structures formed in the lower boundary layer ultimately convect 
downstream, and the separated lower boundary layer starts to slowly reattach. The upper 
boundary layer is fully attached.  Essentially the behaviour is the same as at φ=90°, but 
mirrored across the airfoil chord. 
At all stages of the low frequency oscillation acoustic waves can be seen to originate at the 
airfoil trailing edge and propagate upstream, Figure 13 shows an example of this at M=0.6. 
Where a boundary layer is fully separated, the acoustic waves are observed to be strongest on 
the opposite side of the airfoil. In particular, when the separated boundary layer becomes 
unstable and structures are generated, strong acoustic waves are observed propagating away 
from the opposing airfoil surface.  
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Figure 13: Iso-contours of ρ∇ , six exponentially distributed levels in the range 0.03-0.96; Rec=5×104 
M=0.6. 
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a) φ=0 
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b) φ=90 
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c) φ=180 
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d) φ=270 
Figure 14: Iso-contours of ρ∇  (left) using  six levels in the range 3.5-20, and iso contours of u (right), 
levels marked; Rec=5×104, M=0.8. Four phases φ of the oscillation are shown. 
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Variation of frequency and RMS amplitude of lift coefficient with Mach number for 
Rec=5×104 are shown in Figure 15. The amplitude of the low frequency oscillation rises 
dramatically with Mach number after the initial onset at M=0.5, suggesting that the mode only 
occurs above a critical Mach number, and the amplitude saturates for M>0.7. The frequency 
of the oscillation increases with increasing Mach number, and hence the frequency cannot be 
collapsed by forming a Strouhal number based on some measure of boundary layer thickness, 
since both boundary layer thickness and the frequency of oscillation increase with Mach 
number. 
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Figure 15: Frequency (a) and RMS (b) of CL vs. Mach number; Rec=5×104. 
In order to further explore the onset of the low frequency mode, several simulations were 
run across the range Rec=104-5×104 and Mach number range 0.4-0.8 in steps of 104 for 
Reynolds number and 0.1 for Mach number. Figure 16 summarises the results of these 
simulations, illustrating that for a constant Reynolds number the low frequency oscillation 
only occurs above a certain Mach number, and vice versa. In the present study, the low 
frequency oscillation was only found at Rec=2×104 and above, whereas Bouhadji and Braza3 
reported similar behaviour at Rec=104. 
Although the onset of the low frequency mode appears related to compressibility effects it 
appears to be distinct from transonic buffet, where the presence of an oscillating attached 
shockwave10 leads to low frequency oscillation of the lift coefficient. In contrast, the low 
frequency mode observed here is present at subsonic Mach numbers where no local 
supersonic flow is present.  
The observation of acoustic waves at the trailing edge suggests that an acoustic feedback 
mechanism may be present, however animations at M=0.6 and 0.8 display a marked 
difference in upstream wave velocities but only minimal variation in the period of the low 
frequency cycle. This appears to discount a simple (feedback) model based on downstream 
convection of vortices followed upstream acoustic waves, which would predict an increase in 
period with increasing Mach number. Instead a more complex viscous-acoustic mechanism is 
suggested. 
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Figure 16: Low frequency (flapping) mode occurrence with Reynolds number and Mach number. 
6 CONCLUSIONS 
Direct numerical simulations of a NACA-0012 airfoil have been presented at a variety of 
Mach and Reynolds numbers. At Rec=104 the flow is dominated by vortex shedding from an 
unstable wake. By forming a Strouhal number St, based on trailing edge displacement 
thickness, frequencies have been found to collapse to 2.0≈St . An effort has been made to 
quantify the effects of boundary reflections on simulation results, which has highlighted the 
need for effective boundary conditions when using a non-dissipative code. The numerical 
method has proven capable of capturing weakly unstable flows that may not necessarily be 
evident in simulation techniques where artificial viscosity or damping is introduced. At 
Rec=5×104 a low frequency oscillation was observed in conjunction with vortex shedding 
from an unstable wake. The low frequency (flapping) oscillation was found to be associated 
with asymmetric boundary layer separation periodically switching airfoil surfaces, 
accompanied by periodically alternating accelerating and decelerating flow. The onset of this 
low frequency mode has been determined over the range Rec=104-5×104 and M=0.2-0.8. The 
low frequency oscillation is distinct from transonic buffet, and the period appears unrelated to 
upstream pressure wave velocities. 
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